Introduction
N-Heterocyclic carbenes (NHCs) represent an attractive alternative to phosphines as ligands in many organometalliccatalysed reactions, and are showing promise in the biomedical field. [1] [2] [3] [4] [5] [6] Advantages of NHCs over common ligand types include the strong metal-carbene bond which is able to stabilise an array of metals in various oxidation states, and the ability to fine-tune the steric and electronic effects of the ligand through modification of nitrogen substituents and backbone substituents respectively. Nitrogen substituents on NHCs are usually alkyl or aryl groups, with neutral (e.g. pyridyl, oxazoline) [7] [8] [9] [10] [11] [12] [13] [14] [15] or anionic (e.g. alkoxide, amide) [16] [17] [18] [19] [20] donor functionalities often being incorporated into the substituents. These tethering groups enable ligands to chelate a metal centre, allowing fine control over stability, steric and electronic properties. The N-substituents may further become involved in catalysis in a bifunctional manner, for example in academically and industrially viable hydrogenation and transfer hydrogenation reactions. [21] [22] [23] [24] Lavallo and co-workers have previously reported NHC ligands bearing a closo-carbadodecaborate substituent. 25, 26 Coordination of the ligands to Au through the NHC yields zwitterionic and anionic complexes. 27 We have recently introduced a new class of NHC ligands which contain either a closo-dicarbadodecaborane (neutral and anionic) or a nidodicarbaundecaborane dianion. 28 Versatile coordination to Rh Our previous work has shown that solvent-assisted C-H activation/deprotonation of the carborane moiety occurs in MeCN, 28 hence the reaction with 1a was carried out in MeCN with excess Ag 2 O. In addition to Ir-NHC formation, cyclometallation through the carborane did occur to give 4a, though in this case the closo-dicarbadodecaborane anion coordinates to the metal through a boron atom, rather than a carbon atom as observed in Rh I complexes. 28 This was confirmed through the observation of a broad resonance at 3.21 ppm, integrating to 1H in the 1 H NMR spectrum (500 MHz, C 6 D 6 ), indicative of the carboranyl C-H remaining protonated. The 1 H NMR spectrum of 4a exhibits two sets of resonances in a 7:3 ratio due to diasteroisomers, as a result of the sterogenic metal centre and a mixture of B3 and B6 metallation. 31, 32 Crystals of complex 4a suitable for X-ray diffraction analysis were obtained from slow evaporation of a MeCN solution, and provide unambiguous confirmation that intramolecular C-H activation of the t Bu group had occurred to give a five-membered metallacycle, with a C-Ir-C bite angle of 76.27(12) ° ( Figure 2 ). In addition, coordination through a boron atom of the closo-carborane results in a sevenmembered metallacycle, with a C-Ir-B bite angle of 85.65(14) °, forming an interesting and structurally distinct (7,5)-bicyclometallated system. The molecular structure of 4a can be regarded as a distorted piano stool geometry, with an Ir-C carbene bond length of 1.956(3) Å, which is comparatively short for IrCp*(NHC)-type complexes. [33] [34] [35] [36] [37] The Ir-CH 2 distance of 2.128(3) Å is moderately long compared to other Ir III -alkylcyclometallated complexes. 30, 33, 38 The carboranyl carbon atoms were determined using the VCD method, and revealed a particularly elongated B3 vertex to centroid distance of 1.89 Å, which are typically in the range 1.72-1.78 Å. 31, 39 It can be proposed that the metallated carborane B vertex elongates to relieve steric encumbrance close to the metal centre. Complexes 3a and 4a were isolated in relatively low (but useable) yields, with attempts to improve them unsuccessful. To negate the formation of a mixture of cyclometallated products, an alternative route was developed to furnish complex 7b (Scheme 5). Ligand precursor 1b was reacted with n BuLi to deprotonate both the imidazolium NCHN proton and the carboranyl CH proton, followed by reaction with [IrCp*Cl 2 ] 2 . Analysis of the resulting product revealed NHC coordination and Ir-C carborane cyclometallation, however, halide exchange had also occurred to give a mixture of Ir-Cl and Ir-Br (originating from LiBr). X-ray crystallography analysis showed 70% bromide and 30% chloride occupancy in the solid-state ( Figure 4 ). To remove bromide ions from the reaction, attempts were made to synthesise the imidazolium chloride ligand precursor from 1-chloroethyl-1,2-dicarba-closododecaborane, though the nucleophilic substitution reaction was sluggish, furnishing 7% product which was contaminated with nido-carborane species. To prepare a cyclometallated complex that coordinates through a carboranyl boron atom, C-Me protected ligand precursor 1c was reacted with [IrCp*Cl 2 ] 2 in the presence of Ag 2 O. As previously observed, reaction in CD 2 Cl 2 furnishes the non-cyclometallated product 2c. X-ray diffraction analysis of complex 2c showed the expected IrCp*(NHC)Cl 2 species, with an Ir-C carbene bond length of 2.002(18) Å ( Figure 5 ). As observed in 2b, complex 3c undergoes cyclometallation upon reaction with Ag 2 O in MeCN to give 8c in 44% yield. 
Catalytic viability in transfer hydrogenation
The reduction of ketones via transfer hydrogenation provides a mild route to secondary alcohols without the need for pressurised H 2 gas. 46 Several different metals have been shown to catalyse the transfer hydrogenation reaction, including Ir, Rh and Ru, many of which contain NHC ligands. [21] [22] [23] 36 To assess the catalytic feasibility of our novel Ir III complexes bearing NHC-carborane ligands, complexes 2b, 7b/8b mixture, 7b and 8c were examined in the transfer hydrogenation of acetophenone, alongside [IrCp*Cl 2 ] 2 as a benchmark reaction (Table 1) . Furthermore, as a dicarbadodecaborane is thought to mimic the sterics created by rotation of a planar phenyl group through 360°, the phenyl derivative 2d was prepared and examined for useful comparison, in addition to the cyclometallated phenyl complex 7e (Scheme 6). Please do not adjust margins Please do not adjust margins The transfer hydrogenation reaction with [IrCp*Cl 2 ] 2 as the catalyst gave a reasonable conversion of 68% after 1 hour (entry 2). Incorporating an NHC ligand with a dicarbadodecaborane substituent (2b) into the complex had a significant deactivating effect, with a conversion of 33% after 1 hour (entry 3), which decreased further to 25% when exchanging the dicarbadodecaborane group for phenyl (2d) (entry 4). However, cyclometallation of the carborane moiety enhances catalysis greatly compared to the noncyclometallated counterparts (entries 5-9). The C/Bcyclometallated mixture 7b/8b catalyses the hydrogenation of acetophenone to 1-phenylethanol quantitatively after 1 hour (entry 5), with a 91% conversion when the catalyst loading is lowered to 0.5 mol% (entry 6). When using 1.0 mol% of the Ccyclometallated complex 7b, a conversion of 75% was achieved after 1 hour (entry 7), which indicates that the Bcyclometallated complex is more active than the Ccyclometallated. Indeed, when B-cyclometallated complex 8c was tested, quantitative conversion was observed with 1.0 mol% after 1 hour (entry 8). However, 0.5 mol% 8c yielded 82% conversion (entry 9), which is lower than the C/Bcyclometallated mixture 7b/8b. This indicates that either the Ir-halide has an effect on catalysis, with Cl being more activating than Br, or that the mixed C/B-cyclometallated complexes work synergistically. Cyclometallation of a phenyl group has little effect upon the outcome of the reaction, with a conversion of only 39% when using complex 7e (entry 10). The significant enhancement in activity upon cyclometallation of a carborane substituent, which is not observed upon cyclometallation of a phenyl substituent, is likely a result of metal-ligand bifunctional catalysis, in which the carborane anion becomes involved.
Conducting the transfer hydrogenation reaction in the absence of t BuOK shuts down catalysis (entry 11), which may suggest that the active catalyst is an alkoxide rather than a chloride species. Based upon these findings, a proposed mechanism for the transfer hydrogenation reaction is given in Scheme 7, which may proceed via an inner-sphere 22 or an outer-sphere 47 mechanism. 
Conclusion
In summary, we have reported a series of complexes bearing NHC-carborane ligands. Variable coordination has been observed through the NHC and through either a carbon atom or a boron atom of the carborane, which highlights their potential as a flexible and distinct ligand class. Through judicious choice of reaction conditions and ligand precursor, selective C-or B-cyclometallation can be effected. The cyclometallated complexes are validated active catalysts in the transfer hydrogenation of acetophenone, with a bifunctional mechanism proposed in which the dicarbadodecaborane moiety is involved.
Experimental General
All manipulations were carried out under an inert atmosphere by means of standard Schlenk line or Glovebox techniques. Anhydrous solvents were prepared by passing over activated alumina to remove water, copper catalyst to remove oxygen and molecular sieves to remove any remaining water, via the Dow-Grubbs solvent system, and then freeze-pump-thaw degassed prior to use. 1-t Butylimidazole, 48 6,9-bis(acetonitrile)decaborane, 49 1-bromoethyl-1,2-dicarba-closo- 
(1-Bromoethyl)(2-methyl)-1,2-dicarba-closo-dodecaborane
To a Schlenk flask was added (1-hydroxyethyl)(2-methyl)- 
Compound 1b
Compound 1b was prepared as described for 1a, from 1-bromoethyl-1,2-dicarba-closo-dodecaborane (500 mg, 
Ir complex 4a
To a Schlenk flask was added 1a (100 mg, 0.27 mmol), Ag 2 O (94 mg, 0.41 mmol), [Ir(Cp*)Cl 2 ] 2 (108 mg, 0.14 mmol) and anhydrous MeCN (5 mL) along with some 4Å molecular sieves. The reaction was heated at 70°C for 24 hours, filtered through a 2 cm silica plug and flushed with MeCN (3 × 10 mL). The solvent volume was reduced to 5 mL in vacuo resulting in 4a as colourless crystals, which were filtered, washed with pentane (5 mL) and dried in vacuo. Yield: 41 mg, 0.06 mmol (22 % 
Ir complex 2b
To a Schlenk flask was added 1b (50 mg, 0. 
Ir complex 8c
This complex was prepared as described for 7b/8b, starting from 2c (60 mg, 0.09 mmol), Ag 2 mmol) was added and the reaction was heated at 82 °C for 1 hour. The reaction mixture was quenched by cooling in an ice bath and an aliquot (0.1 mL) was added to an NMR tube with CDCl 3 (0.4 mL). Conversion was calculated using 1 H NMR spectroscopy by comparing the integration of the methyl resonance of 1-phenylethanol with the internal standard, and values are an average of two separate runs. 
